Chilli, which encompasses several species in the genus Capsicum, is widely consumed throughout the world. In the Indian subcontinent, production of chilli is constrained due to chilli leaf curl disease (ChiLCD) caused by begomoviruses. Despite the considerable economic consequences of ChiLCD on chilli cultivation in India, there have been scant studies of the genetic diversity and structure of the begomoviruses that cause this disease. Here we report on a comprehensive survey across major chilli-growing regions in India. Analysis of samples collected in the survey indicates that ChiLCD-infected plants are associated with a complex of begomoviruses (including one previously unreported species) with a diverse group of betasatellites found in crops and weeds. The associated betasatellites neither enhanced the accumulation of the begomovirus components nor reduced the incubation period in Nicotiana benthamiana. The ChiLCD-associated begomoviruses induced mild symptoms on Capsicum spp., but both the level of helper virus that accumulated and the severity of symptoms were increased in the presence of cognate betasatellites. Interestingly, most of the begomoviruses were found to be intra-species recombinants. The betasatellites possess high nucleotide variability, and recombination among them was also evident. The nucleotide substitution rates were determined for the AV1 gene of begomoviruses (2. ChiLCD-associated begomoviruses and also demonstrates the crucial role of betasatellites in severe disease development in Capsicum spp.
INTRODUCTION
The family Geminiviridae includes a group of twinned icosahedral plant viruses containing circular, single-stranded DNA (ssDNA) and is divided into seven genera based on host range, vector transmission and genome organization: Becurtovirus, Begomovirus, Curtovirus, Eragrovirus, Mastrevirus, Topocuvirus and Turncurtovirus . Begomoviruses are widely distributed geographically, are transmitted through the arthropod vector Bemisia tabaci, and are further classified as monopartite with a DNA-A-like component or as bipartite containing DNA-A and DNA-B (Brown et al., 2012) . The majority of the monopartite begomoviruses have been reported from the 'Old World' while the begomoviruses of the 'New World' are mostly bipartite, along with a true monopartite begomovirus (Melgarejo et al., 2013; Nawaz-ulRehman & Fauquet, 2009 ). Generally, DNA-A encodes six ORFs necessary for virus replication, transcription activation and encapsidation, while the proteins encoded by the DNA-B component facilitate cell-cell and nucleocytoplasmic trafficking of the viral genome. In addition, intracellular movement is controlled by proteins encoded in the DNA-A-like component of monopartite begomoviruses (Hanley-Bowdoin et al., 2013) .
Begomoviruses have been reported to be associated with ssDNA satellite molecules and/or satellite-like molecules, namely betasatellites and alphasatellites, respectively (Mansoor et al., 1999; Nawaz-ul-Rehman & Fauquet, 2009; Saunders et al., 2000) . The majority of the Old World monopartite begomoviruses co-exist with betasatellites. Betasatellites typically contain a satellite conserved region (SCR), an adenine-rich region and a bC1 ORF. The bC1 ORF has been characterized as a pathogenicity determinant that suppresses host antiviral silencing and is involved in virus movement (Cui et al., 2005; Li et al., 2014; Saunders et al., 2004; Yang et al., 2011) . A class of autonomously replicating satellite-like molecules identified as alphasatellites require helper begomoviruses for their intra-and intercellular movement and are reported to ameliorate symptoms in a few cases (Idris et al., 2011; Nawaz-ulRehman et al., 2010) .
Capsicum spp. are cultivated as vegetables and spice crops throughout the world. Chilli leaf curl disease (ChiLCD) causes severe crop loss in the tropical and subtropical regions of the Indian subcontinent and has emerged as a major factor limiting chilli cultivation in this part of the world (Chattopadhyay et al., 2008; Mishra et al., 1963; Senanayake et al., 2007 Senanayake et al., , 2013 Varma & Malathi, 2003) . The symptoms of ChiLCD-infected plants are leaf curling, leaf rolling, puckering and reduced leaf size; in severe cases, the infected plants remain stunted and fail to bear any fruit, resulting in complete crop loss. Although the first incidence of ChiLCD was reported in the 1960s, its association with begomoviruses was confirmed only recently (Chattopadhyay et al., 2008; Khan et al., 2006; Kumar et al., 2012; Senanayake et al., 2007) . During the past few years, monopartite begomoviruses and betasatellites associated with ChiLCD have spread to major chilli-growing regions of the Indian subcontinent. To date, in India, chilli leaf curl virus (ChiLCV), chilli leaf curl India virus (ChiL-CINV), chilli leaf curl Vellanad virus (ChiLCVV), tomato leaf curl Joydebpur virus and tomato leaf curl New Delhi virus (ToLCNDV) are known to be associated with ChiLCD (Khan et al., 2006; Kumar et al., 2011 Kumar et al., , 2012 Senanayake et al., 2007; Shih et al., 2007) .
Despite the severe losses due to ChiLCD, a systematic study of the begomoviruses associated with ChiLCD in different chilli-growing regions of India is lacking. Here, we have carried out a comprehensive survey to analyse the genetic diversity and the phylogeographical distribution of ChiLCD-associated begomoviruses. This study reveals the association of seven distinct begomovirus species with five different groups of betasatellites with ChiLCD. Most of the ChiLCD-associated begomoviruses and betasatellites were recombinants. The isolated viral components could infect Nicotiana benthamiana and Capsicum annuum. Furthermore, our study also highlighted the indispensable role of betasatellites in inducing severe leaf curl disease on Capsicum spp.
RESULTS

Cloning of ChiLCD-associated viral components across India
Leaf samples from chilli plants exhibiting leaf curling, crinkling and stunting of plants were collected from 28 major chilli-growing regions of India (Fig. S1 , Table S1 , available in the online Supplementary Material). The symptoms were observed to vary among the samples surveyed (Table S1 ). Total DNA was extracted from symptomatic leaves, and PCR amplification with abutting primers for DNA-A, DNA-B and betasatellite indicated the association of begomoviruses and betasatellites with the field samples (data not shown). PCR-based amplification of full-length viral components and/or rolling circle amplification (RCA) using Q29 polymerase yielded DNA fragments of either *2.8 kb or *1.3 kb, which were cloned (Table 1) . Clones from respective samples were digested with several restriction enzymes to identify the diversity based on RFLP and were subsequently partially sequenced. We obtained the complete nucleotide sequences of 41 molecules of *2.8 kb and 33 molecules of *1.3 kb in size from samples representing the 28 chilli-growing regions. Cloning method and accession numbers are provided in Table 1 .
Diversity and phylogenetic analysis of ChiLCDassociated begomoviruses
Our analysis showed that 35 out of the 41 molecules were *2.8 kb in size with a DNA-A/DNA-A-like begomovirus genome arrangement, whereas six molecules had a DNA-B-like genomic organization. Betasatellites were present in all the samples irrespective of whether the begomovirus genome detected was either monopartite or bipartite (Table 1) .
Based on 91 % nucleotide sequence identity as the species demarcation threshold for DNA-A (Brown et al., 2015) and by pairwise sequence comparison, these DNA-A/DNA-Alike isolates were categorized into seven distinct species including one newly identified species (HM007119). When compared with the genomic sequences available in GenBank, the majority of these sequences had high similarity with previously reported begomoviruses associated with either chilli or tomato (Fig. S2a) .
The viral sequences represented in clones O1A and K1A showed maximum identities of 95.8 % and 94.8 % with a 'Croton' strain of papaya leaf curl virus (PaLCuV-Cro; DClones followed by the same numbers (in superscript) indicate that they were obtained from the same plant in that particular location. AJ507777) and a 'Bangalore' strain of tomato leaf curl virus (ToLCV-Ban; FJ514798), respectively, and were thus identified as isolates of the aforesaid respective species (Fig. S2a) . With 92.8-95.8 % nucleotide identity among them, B2A, M1A, U2A and W5A were classified as isolates of the species Pepper leaf curl Bangladesh virus (PepLCBV), based on their nucleotide identity (93.1-96.8 %) with the isolates from either Bangladesh or Pakistan, and formed a separate clade in the phylogenetic tree (Fig. 1a) . Since U4A shared maximum identity of 91.9 % with PepLCBV-PK (DQ116881), and M2A and T1A displayed a maximum identity between 90.3 % and 92.3 % with PepLCBV (AM404179), they were, according to ICTV guidelines, considered to be new strains of the respective species and were named 'PepLCBV-IN' and 'PepLCBV-Kan', respectively (Fig. S2a) . The complete nucleotide sequences of H3A, K2A, M4A, N1A and T3A were found to have 94.2-95.1 % sequence identity with ToLCNDV (AJ875157). Thus, they were considered as isolates of ToLCNDV and clustered as a separate clade in the phylogenetic tree (Fig. 1a) . The sequences of B3A, U1A, W2A, W3A and W4A shared maximum nucleotide identity between 94 % and 96.9 % with ChiLCV (AJ875159). The sequences of five isolates (G2A, H1A, N2A, R1A and U5A) displayed 96.3-96.9 % nucleotide identity with the 'Indian' strain of ChiLCV (ChiLCV-IN; GU136803) Evolution of chilli-associated begomoviruses in India (Fig. S2a ). The sequences of A2A, H2A and U6A shared 94.8-95.5 % nucleotide identity with the 'Pakistan' strain of ChiLCV (ChiLCV-PK; AF336806), and 95.9-98.6 % identity among them. Since U3A shared maximum identity (92.8 %) with ChiLCV (AJ875159), according to ICTV guidelines, it was considered as a new strain of ChiLCV (ChiLCV-Gaz). Likewise, A1A, G1A and M3A were found to share a maximum identity of 91.9 % with ChiLCV-PK (AF336806) and hence considered as new strains of ChiLCV (Fig. S2a) . Consistent with the nucleotide identities, all the strains/isolates belonging to ChiLCV formed a distinct clade in the phylogenetic dendrogram (Fig. 1a) .
Results indicated that ChiLCVs were not confined to any single geographical territory of India.
Based on the species demarcation criteria, the isolate from the Vellanad region belongs to chilli leaf curl Vellanad virus (ChiLCVV). A sequence from the Salem region exhibited a nucleotide identity of 82.2 % with tomato leaf curl Sri Lanka virus (AF274349) and we propose the name 'chilli leaf curl Salem virus' (ChiLCSV) for the species. Also note that ChiLCVV and ChiLCSV occupy unique positions in the phylogenetic dendrogram (Fig. 1a ).
All five DNA-B sequences identified with these begomoviruses, i.e. H2B, K1B, M4B, N2B and T2B, were 2696 nt in length (Table 1) , and shared w99 % nucleotide identity with ToLCNDV DNA-B (U15017). Hence, these DNA-Bs are considered as components of the isolates of ToLCNDV. Similarly, a sequence (N3B) isolated from New Delhi was shown to have maximum sequence identity with tomato leaf curl Gujarat virus (AY190291) DNA-B component.
In the phylogenetic analysis, all these isolates grouped with their respective DNA-A (Fig. S3 ).
Distribution and phylogenetic relationship among betasatellites
Betasatellites 1350-1379 nt in size were isolated from the samples that harboured either monopartite (DNA-A-like) or bipartite (DNA-A and DNA-B) begomoviruses. According to the 78 % identity of species demarcation threshold for betasatellites (Briddon et al., 2008) and pairwise sequence identity, these betasatellites may be broadly grouped as croton yellow vein mosaic betasatellite (CroYVMB), radish leaf curl betasatellite (RaLCB), tomato leaf curl Bangladesh betasatellite (ToLCBDB), tomato leaf curl Joydebpur betasatellite (ToLCJoB) and tomato leaf curl Ranchi betasatellite (ToLCRnB) (Fig.  S2b ). The sequences of G1b, K4b and T3b showed w99 % identity with RaLCB (EF175734), whereas those of M4b, T2b and T4b shared maximum identities of 90.3-91.5 % with CroYVMB (AM410551). All these weed-associated betasatellites were obtained from samples collected from southern India (Table 1 ). In the phylogenetic dendrogram, CroYVMB-, RaLCB-, tomato-and chilli-associated betasatellite clades were distinctly placed (Fig. 1b) .
Of the 33 betasatellites isolated here, 27 were grouped into three clusters: ToLCJoB, ToLCBDB and ToLCRnB. The ToLCRnB cluster comprised the H2b and O1b sequences, sharing maximum sequence identity of 91.5-99.4 % with ToLCRnB (GQ994096), while the isolates A2b, M2b, U1b, W1b, W2b, W3b and W5b displayed 93-94 % identity to ToLCJoB (AJ966244) (Fig. S2b) . The remaining 18 isolates shared 88.4-98.2 % nucleotide sequence identity with ToLCBDB (DQ343289, AY438558). The nucleotide sequence identity among ToLCJoBs ranged between 80.6 % and 99.6 %, whereas it ranged between 87.7 % and 99.7 % for ToLCBDB isolates. In the phylogenetic tree, ToLCBDB and ToLCJoB were grouped as distinct clades separated from chilli leaf curl betasatellite (ChiLCB) reported from Pakistan (Fig. 1b) . Betasatellites identified from Assam and West Bengal belonged to ToLCJoB, but ToLCBDBs were distributed throughout the country.
Detection of recombination among ChiLCDassociated begomoviruses and betasatellites
Recombination is known to play a major role in the emergence and evolution of geminiviruses (George et al., 2015; Lefeuvre & Moriones, 2015; Padidam et al., 1999) . In recombination analysis of begomoviral components, we detected significant evidence of recombination in the vast majority of isolates (26/35) ( Table 2) . Among them, nine isolates showed evidence of recombination events in both the AC1 and AV1 regions, whereas in three isolates, the breakpoints were located within the common region (CR) and AV1 (Table 2) . In two isolates, recombination breakpoints were detected in the CR and AC1 regions. Furthermore, ChiLCV isolates (Nagpur and Goa) had recombination breakpoints in both the CR and AC2/AC3 regions. Similarly, the Ahmedabad isolate possessed breakpoints in AV1 and AC2/AC3 regions ( Table 2 ). The recombination events located either in AC1 or in AV1 only were identified in five and three isolates, respectively (Table 2) . However, no evidence of a recombination event was observed in ChiLCVV. In the phylogenetic tree of AV1 and AC1 ORFs, the sequences from recombinant molecules clustered with their respective contributors (Fig. S4) . These results are in line with previous observations of AV1 and AC1 regions as the recombination hotspots (George et al., 2015; Lefeuvre et al., 2007; Lefeuvre & Moriones, 2015) . In addition to interspecific recombination events, most of these ChiLCD-associated begomoviruses are obvious intraspecies recombinants (Table 2) .
Among the 33 betasatellites identified in this study, 17 showed evidence of recombination ( Table 2 ). The recombination breakpoints were located around the A-rich region of CroYVMB (two isolates) and ToLCBDB (seven isolates), the SCR (six ToLCJoB isolates) or the bC1 ORF (sequences from Bhubaneswar and Jaunpur). Evolution of chilli-associated begomoviruses in India *CR, common region of a begomovirus genome; SCR, satellite conserved region of betasatellites. DR, RDP; G, GeneConv; B, Bootscan; M, MaxChi; C, Chimaera; S, SiScan. dThe lowest P value calculated for the underlined method in the penultimate column.
Genetic structure and substitution rate of begomoviruses and betasatellites
From an evolutionary perspective, recombination during the replication of begomoviruses alone may not lead to the genetic variation de novo. Nucleotide substitutions that occur during evolution also contribute to genetic variation. ChiLCD-associated begomoviruses and betasatellites were determined to have a high degree of genetic variability (pw0.08). Our analyses showed ChiLCV and PepLCBV to be the most diverse begomoviruses, and CroYVMB and ToLCBDB to possess much higher genetic variability than the other betasatellites (Table 3) . To assess the presence of any subpopulations within begomoviruses, a clusterbased method (STRUCTURE) was employed. The results suggest the presence of seven subpopulations among ChiLCV and five subpopulations were noticed among PepLCBV isolates (Fig. S5a, b) . However, low nucleotide diversity and the absence of any subpopulations among chilli isolates of ToLCNDV suggest their recent association with this host (Fig. S5c, Table 3 ). Furthermore, to verify the randomness of nucleotide variability throughout the genome, we analysed the nucleotide diversity of all the ORFs encoded by ChiLCD-associated begomoviruses and betasatellites. Higher nucleotide diversity was observed in all the ORFs encoded by the begomoviruses. The nucleotide diversity patterns of the complete genomes of betasatellites and bC1 ORFs were observed to be highly congruent (Fig. S6) . The selection pressure on the ORFs was analysed using single-likelihood ancestor counting (SLAC), fixed-effects likelihood (FEL) and random-effects likelihood (REL) methods. A large proportion of the sites were found to have evolved under purifying/negative selection (Table S2) .
We also estimated the nucleotide substitution rate of AV1 and bC1 ORFs using the parameters listed in (Table 4 ). Since codon degeneracy could play a vital role in the selection pressure leading to genetic variation, we estimated the mutation rate of all three nucleotide positions in the codon using the BSP method. Strikingly, the mutation rate of the AV1 ORF in codon position 1 was seen to be higher than the mutation rates of the other positions (Table 4) . In bC1, however, the mutation rate was found to be highest in the wobble position of the codon; this position of the codon affects the amino acid sequence less often than do the other positions.
Infectivity analysis of newly emerging begomoviruses
Partial tandem repeats of the newly identified begomoviruses NgA (PepLCBV-IN) and VeA (ChiLCVV) infected N. benthamiana plants. Notably, the incubation period remained unaltered upon co-inoculation of either NgA or VeA with their cognate betasatellites (Ngb and Vebs) ( Table 5) . N. benthamiana plants co-inoculated with either NgA+Ngb or VeA+Veb1 exhibited symptoms such as downward leaf curling and enations (Fig. 2a) . However, agroinoculation of VeA+Veb2 failed to induce downward leaf curling in N. benthamiana, a characteristic symptom induced by betasatellites. In Southern analysis, all these begomoviruses could trans-replicate their cognate betasatellites, but these Evolution of chilli-associated begomoviruses in India betasatellites did not influence the accumulation of begomovirus in N. benthamiana (Fig. 2b) . C. annuum plants inoculated with begomoviruses alone (ChA, JoA, MgA, NgA, VeA) developed mild symptoms and the presence of these begomoviruses was ascertained by PCR ( Fig. S7 ; Table 5 ). However, when these begomoviruses were inoculated along with their cognate betasatellites (ChA+Chb, JoA+Job, MgA+Mgb, NgA+Ngb, VeA+Veb1), symptoms such as stunting, leaf curling, leaf crinkling, blistering and vein thickening were observed on infected C. annuum var. Sulekha plants (Fig. 2a) . In Southern analysis, no viral DNA accumulation could be detected from the chilli plants inoculated with diverse begomoviruses in the absence of their cognate betasatellites. However, when chilli plants were inoculated with begomoviruses and cognate betasatellites, high levels of viral DNA were detected (Fig. 2b) . Collectively, our results suggest that these begomoviruses require betasatellites for development of severe ChiLCD in Capsicum spp. (Figs 2b and S7 , Table 5 ).
DISCUSSION
ChiLCD is one of the most devastating diseases of chillies in India and has become a major constraint for production of Capsicum (Maruthi et al., 2007 Kumar et al., 2012; Mishra et al., 1963; Senanayake et al., 2007) . The present study provides the first comprehensive survey and analysis to our knowledge of begomoviruses associated with ChiLCD in India. Our effort has resulted in the isolation and characterization of 74 genomic components (35 DNA-A/DNA-A-like, 6 DNA-B and 33 betasatellites). The existence of newly identified and previously reported begomoviruses associated with ChiLCD clearly indicates the high degree of species diversity and genetic variability of these pathogens. In addition, the newly emerged begomoviruses have been shown to infect N. benthamiana and Capsicum spp. Our results demonstrate that the viruses tested are not only associated with but are the causal agents of ChiLCD. Furthermore, the betasatellites are found to be a prerequisite for the induction of severe leaf curl symptoms in Capsicum spp.
Our study has identified ChiLCV as the most widely distributed begomovirus associated with ChiLCD across India, followed by PepLCBV and ToLCNDV (Fig. 3) . In the eastern region (encompassing states such as West Bengal, Bihar and the eastern part of Uttar Pradesh), ChiLCV and PepLCBV-BD predominate, with a notable exception of ChiLCV-PK in Jorehat and Varanasi. Mixed infections of ChiLCV and PepLCBV were also noticed in eastern Uttar Pradesh (Ghazipur) and the Bihar (Chhapra) region. The isolates from the northern and western regions, including the states of Haryana, Delhi, Rajasthan, Himachal Pradesh, Goa, Gujarat, Maharashtra and Uttar Pradesh (western part) belong to ChiLCV. Taken together, these data indicate that ChiLCD in these regions is associated with the begomoviruses previously reported from Pakistan, whereas viruses identified in the eastern part of India are predominantly present in Bangladesh (Fig. 3) . It is relevant to mention that states adjoining the border region follow similar cropping patterns, which might have facilitated the migration of the viruses through whiteflies.
In southern India, various distinct begomoviruses such as ChiLCV-Gun, ChiLCVV, PaLCuV-Cro, PepLCBV-IN, ToLCV-Ban and ToLCNDV were found to be associated with ChiLCD. In addition, the one previously unreported begomovirus (ChiLCSV) was also identified in this region. Taken altogether, our analysis from southern India indicates that diverse begomoviruses and betasatellites are associated with ChiLCD (Fig. 3) . Under laboratory conditions, an isolate of tomato leaf curl Gujarat virus caused systemic infection in chilli (Chakraborty et al., 2003) , and hence the association of diverse tomato-infecting begomoviruses with ChiLCD-affected plants is not surprising.
Recombination has been reported to be the major factor in the emergence of begomoviruses infecting crops and weeds in India Kumari et al., 2010; Singh et al., 2012) . Begomoviruses associated with chilli and tomato contributed to 32 out of the 44 recombination events detected in ChiLCD-associated begomoviruses, and the remaining recombination events (12/44) were associated with yet undescribed or non-solanaceous-cropinfecting begomoviruses. Our results indicate that the chilli-and tomato-associated begomoviruses have a complex history of recombination in this part of the world, with a relevant contribution of interspecific recombination. It is noteworthy that ChiLCSV may have emerged after multiple recombination events. A non-recombinant ChiLCVV could have evolved quite separately after the earlier recombination event(s) and resulted in the present genome organization. These results pinpoint the significant contribution of solanaceous as well as non-solanaceousinfecting begomoviruses in intra-and inter-species recombination leading to the emergence of ChiLCD-associated begomoviruses. Recombination among ChiLCD-associated begomoviruses could provide high evolutionary potential for rapid multiplication, expansion of geographical territory and, more importantly, invasion of new hosts.
Mixed infections of distinct begomoviruses were detected at six locations, viz. Chhapra, Ghazipur, Nagpur, New Delhi, Palampur and Salem (Table 1, Fig. 3) . Notably, ChiLCV-PK and PepLCBV-IN have emerged through intra-as well as inter-species recombination. This observation emphasizes that mixed infection, a pre-requisite for recombination, might have facilitated their emergence. Interestingly, New Delhi, Palampur and Salem samples were found to be infected with a monopartite begomovirus (either ChiLCVs or ChiLCSV) and a bipartite begomovirus (ToLCNDV). The presence of a bipartite begomovirus together with a monopartite one could further promote the evolution of severe disease-causing complexes. Possible synergistic interactions, if any, between these monopartite and bipartite begomoviruses in chilli have not been studied so far. Cui Li et al., 2014; Saunders et al., 2004; Yang et al., 2011) . At the time of sampling, only two betasatellite groups, ToLCBDB and ChiLCB, were known to be associated with ChiLCD in India (Chattopadhyay et al., 2008; Kumar et al., 2011) . In India, the most prevalent betasatellites associated with ChiLCD have been reported from tomato, rather than from weeds. Among these, ToLCBDB has co-existed with diverse begomoviruses predominantly in the western part of India, whereas ToLCJoB is mostly located in the eastern and western regions (Fig. 3) .
In spite of the prevalence of begomoviruses associated with ChiLCD identified from Pakistan (ChiLCV, PepLCBV), their cognate ChiLCB could not be detected here. It is interesting to note the association of betasatellites with both bipartite and monopartite begomoviruses from New Delhi, Palampur, Pune and Salem. Recently, diverse betasatellites have been shown to enhance the accumulation of ToLCNDV DNA-A and antagonistically interact with the ToLCNDV DNA-B component (Jyothsna et al., 2013) . However, the significance of this association for the establishment of ChiLCD needs to be explored.
Mixed infection of betasatellites also persists in the southern region of India (Salem, Coimbatore, Vellanad). Both betasatellites from Vellanad (ToLCBDB and RaLCB) could be trans-replicated by ChiLCVV in N. benthamiana. However, they could neither influence symptom severity nor reduce the incubation period (Fig. 2 , Table 5 ). This observation is in agreement with earlier reports suggesting that the betasatellites are dispensable for disease development in N. benthamiana (Ranjan et al., 2014; Saunders et al., 2000) . Chilli plants inoculated with DNA-A-like sequences alone produced mild symptoms; however, the accumulation of viral DNA as well the severity of the symptoms was increased in the presence of cognate betasatellites (Fig. 2 , Table 5 ). This is the first experimental evidence to our knowledge demonstrating the necessity of betasatellites for development of severe leaf curl disease in chilli, thereby explaining their ubiquitous presence with ChiLCD. Furthermore, their dependence on betasatellites for severe disease development supports the notion that these monopartite begomoviruses require betasatellites for ChiLCD, similar to the complexes reported with ageratum yellow vein and cotton leaf curl diseases (Mansoor et al., 2006; Saunders et al., 2000) .
Geminiviruses are known to have high rates of nucleotide substitution, similar to those of RNA viruses (Drake, 1993; Duffy & Holmes, 2008 ). ChiLCD-associated begomoviruses possess higher genetic variability than observed in other begomoviruses (Melgarejo et al., 2013; Rocha et al., 2013; Silva et al., 2012) . As described by Lima et al. (2013) , the nucleotide diversity in these begomoviruses was noticed to be non-uniformly distributed throughout the genome. Our results emphasize that purifying selection is the major evolutionary determinant leading to the emergence of these begomoviruses and betasatellites, in agreement with other studies Rocha et al., 2013; Silva et al., 2012) .
In conclusion, the information generated through our studies demonstrates that ChiLCD is caused by a large group of monopartite begomoviruses and a few bipartite begomoviruses in association with diverse betasatellites. Diverse species of begomoviruses and betasatellites were found at every geographical location in India and their evolution is largely driven by intra-and inter-species recombination and by nucleotide substitution. It is evident from the infectivity analysis that the betasatellites are essential for disease development in the chilli host. As chilliassociated begomoviruses and betasatellites are expanding their host range and geographical distribution (George et al., 2014) , further epidemiological studies of the impact of the high genetic variability of these viruses are required.
METHODS
Isolation, cloning and sequencing of full-length genomes. An extensive survey was carried out in all major chilli-growing regions across India. For each region, a total of nine samples (from at least three individual fields) were collected from naturally infected chilli plants exhibiting typical symptoms of ChiLCD (Table S1 ). Total genomic DNA was extracted from all samples (Dellaporta et al., 1983) and subjected to RCA using Q29 DNA polymerase (InoueNagata et al., 2004) . Association of begomovirus with these symptomatic samples was verified by PCR using abutting primers specific for DNA-A and DNA-B components (Rojas et al., 1993; Wyatt & Brown, 1996) . RCA products of all the samples were digested with single-cutting restriction endonucleases, viz. BamHI, KpnI, HindIII or PstI, and cloned into pBluescript II KS (+) vector (Stratagene), previously linearized with the respective restriction enzymes. Simultaneously, PCR with primers specific for DNA-A and DNA-B (George et al., 2014) and betasatellite (Briddon et al., 2002) were used to amplify the full-length genomic components. Details of the primers used to clone viral components are provided in Table S3 . PCR products of either *2.8 kb or *1.3 kb in size were cloned into the pTZ57R/T vector (Fermentas). All the recombinant clones obtained from each of the samples were digested with various restriction enzymes and were sequenced partially (using M13 primers) to identify the variability among them, if any. On the basis of restriction variability and partial sequencing of the viral genome, one of the representative cloned viral genomes was sequenced commercially at the University of Delhi South Campus.
Phylogenetic and recombination analysis. Using the CLUSTAL W method in SDT v. 1.0 (Muhire et al., 2014) and MEGA5 (Tamura et al., 2011) , neighbour-joining phylogenetic dendrograms and percentage pairwise identity of the identified sequences and the representative sequences from the database were generated. For RDP analysis, the begomoviruses were selected according to the criteria followed by George et al. (2015) and the sequence accession numbers are listed in Table S4 . Recombination breakpoints and their putative parental sequences were detected by the RDP3 program with the Bonferronicorrected P value cut-off of 0.01 as described by George et al. (2015) and Martin et al. (2010) .
Estimation of population structure and nucleotide substitution rates. To assess the genetic variability in the virus populations, parameters in DnaSP v. 5.10 used were total number of segregating sites (s), total number of mutations (g), average number of nucleotide differences between sequences (k), nucleotide diversity (p), Watterson's estimate of the population mutation rate based on the total number of segregating sites (h2w) and the total number of mutations (h2g). Begomovirus population structure was studied using STRUC-TURE v. 2.3.3 as described by Prasanna et al. (2010) and Pritchard et al. (2000) . The number of subpopulations (K value) was estimated by using 100 000 Markov chain Monte Carlo steps after a burn-in period of 100 000 steps. The best-supported K values were determined based on lnP(D) after three independent runs.
Neutrality tests, Tajima's D, and Fu and Li's D* and F*, were employed to test the hypothesis of what type of selection was occurring in the ORFs encoded by the viral components (Rozas et al., 2003) . The detection of sites evolved under positive and negative selection was performed by the methods implemented in the DataMonkey server (http://www.datamonkey.org): SLAC, FEL and REL (Kosakovsky Pond & Frost, 2005) . Bayes factors w50 or P value v0.1 were used as thresholds for the analysis. NEXUS files of AV1 and bC1 regions were generated using CLUSTAL W in MEGA5, and nucleotide substitution rate was estimated using the GTR nucleotide substitution model, uncorrelated lognormal relaxed clock model and BSP coalescence model in the BEAST v. 1.7 package (Drummond et al., 2012; Nawaz-ul-Rehman et al., 2012) . The begomovirus and betasatellite sequences used to estimate population structure and nucleotide substitution rate are provided in Table S5 .
Generation of infectious clones. For infectivity analysis, newly identified begomoviruses and their associated betasatellites were cloned as partial tandem repeats in plant transformation vectors. For PepLCBV-IN (Nagpur isolate), the EcoRI (1653)-BamHI (155) fragment was cloned into pCAMBIA1300, followed by the mobilization of the monomer to generate a partial tandem repeat, designated NgA. For ChiLCVV, a 2.4 kb SalI (1856)-KpnI (1620) fragment containing the CR was cloned into pCAMBIA2301. The full-length monomer linearized with KpnI was then ligated to generate the ChiLCVV tandem repeat construct (designated VeA). For ToLCBDB-and RaLCB-Vellanad, 1.2 kb (BamHI and KpnI) and 0.4 kb (EcoRI and KpnI) fragments were cloned into pCAM-BIA1300, followed by ligation of the respective monomer to yield partial tandem repeats of ToLCBDB-and RaLCB-Vellanad (referred as Veb1 and Veb2, respectively). For ToLCJoB-Nagpur, the 470 bp KpnI (1297)-BamHI (411) fragment was cloned in pCAMBIA1300, followed by insertion of the full-length KpnI fragment to produce the tandem repeat of the ToLCJoB-Nagpur (as Ngb). Similarly, partial tandem repeat constructs of ChiLCV-PK (ChA-EF190217), PepLCBV-BD (MgA-HM007111), ToLCBDB (Chb-EF190215), ToLCJoB (Mgb-HM007112, Job-EF190216) and ChiLCV (JoA-EF194765) were also generated and the cloning details are shown in Table S6 .
Plant inoculation and Southern blot hybridization. Infectivity of the cloned components was analysed in N. benthamiana plants through the Agrobacterium-mediated inoculation method . C. annuum var. Sulekha plants were bombarded using a HELIOS Gene Gun apparatus (Bio-Rad) following the manufacturer's instructions. Twenty-five milligrams of gold microcarriers (0.6 mm diameter) were coated with plasmid mixture (3 mg mg
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) of each of these infectious clones and delivered at 300 p.s.i. (pounds per square inch). These plants were maintained in an insect-free growth chamber to monitor the symptom induction. Total genomic DNA (10 mg) from the systemic leaves was resolved on an agarose gel (0.8 %) and transferred onto nylon membrane . The blots were hybridized separately with the [a 32 P]dCTP-radiolabelled AV1 region of DNA-A or the monomer of DNA-b specific to the species concerned and the viral DNA was detected using a phosphor image analyser.
